The genome of pseudorabies virus consists of two components, short (S) and long (L). Only the S component is bracketed by inverted repeats, and only the S component inverts itself relative to the L component, giving rise to two isomeric forms of the genome. An attenuated vaccine strain of pseudorabies virus (Norden), however, has a genome which is found in four isomeric forms (B. Lomniczi, M. L. Blankenship, and T. Ben-Porat, J. Virol. 49:970-979, 1984 
The genome of pseudorabies virus consists of two components, short (S) and long (L). Only the S component is bracketed by inverted repeats, and only the S component inverts itself relative to the L component, giving rise to two isomeric forms of the genome. An attenuated vaccine strain of pseudorabies virus (Norden), however, has a genome which is found in four isomeric forms (B. Lomniczi, M. L. Blankenship, and T. Ben-Porat, J. Virol. 49: [970] [971] [972] [973] [974] [975] [976] [977] [978] [979] 1984) . To determine the basis for the atypical structure of the genome of the Norden strain, we examined more than 40 field isolates of pseudorabies virus; all contained genomes in which the L component was fixed in only one orientation relative to the S component. Several independently generated vaccine strains which have been passaged extensively in chicken embryos and chicken embryo fibroblast (CEF) cell cultures were also analyzed; they possessed an invertible L component. Furthermore, emergence of pseudorabies virus variants with an invertible L component was observed after passage of the virus in CEF, but not in rabbit kidney or pig kidney, cells. The invertibility of the L component was associated consistently with a translocation of sequences from the left end of the genome to a position next to the inverted repeat sequence of the S component. Three observations indicate that genomes with an invertible L component (and the translocation) have a selective growth advantage over standard pseudorabies virus when grown in CEF. (i) The proportion of virions with such genomes does not increase linearly as would be expected if the translocation events occurred repeatedly, most genomes eventually experiencing the translocation. Instead, after a lag, the proportion of such virions in the population increases relatively rapidly. (ii) The genome structures that are generated upon independent passage in CEF of each virion population were relatively homogeneous. Some heterogeneity was observed at relatively early stages of the emergence of the genomes carrying the translocation; at later stages, virions with genomes with a specific size translocation predominated in the virus population. (iii) Parallel passages in CEF of the same pseudorabies virus strain resulted in the emergence of populations of virions with genomes with different size translocations. However, in each of the passaged populations of virions the majority of virions had genomes with the same size translocation. The most likely interpretation of these results is that virions with genomes carrying the translocations that emerge upon passage of the virus in CEF have a selective advantage when grown in these cells.
The genomes of herpesviruses consist of large, linear, double-stranded, noncircularly permuted molecules. Some herpesviruses contain genomes that are best described as being composed of two covalently linked components, the long (L) and short (S) components. In the genome of herpes simplex virus, for example, both the L and S components are bracketed by inverted repeat sequences, and both components invert themselves relative to each other, giving rise to four isomeric forms of the genome. Genomes with this structure have been designated class 3 DNA molecules (6) . In the genome of pseudorabies virus (PrV), only the S component is bracketed by inverted repeats, and only the S component inverts itself relative to the L component, giving rise to just two isomeric forms. Genomes with this structure have been designated class 2 DNA molecules (6) .
The functions of the inverted repeats in the genomes of the herpesviruses, the functional significance of the inversions they promote, and the processes which lead to the evolution of class 2 to class 3 DNA molecules (or vice versa) in the different herpesviruses are not known. No effect of the inversions of the genomes on the growth of the viruses has been documented to date; both isomers of PrV have been found to be infectious for rabbit kidney (RK) cells growing in vitro (4) . Similarly, inversions of the S or the L component are not essential for growth in vitro of herpes simplex virus; virus mutants that are frozen in one or two of the isomeric forms of the DNA (because of the acquisition of unequal inverted repeats or because of loss of inverted repeats) are able to grow in cell culture (9, 14) .
We have identified previously an attenuated vaccine strain of PrV (the Norden strain) in which the genome is found in four isomeric forms rather than the two found in wild-type PrV (8) . In the Norden strain, a sequence of nucleotides that is normally present only at the left end of the PrV genome has been translocated in inverted form next to the internal repeat (IR) sequence at the junction between the L and the S components of the genome. As a consequence, the L component inverts and is found in two orientations relative to the S component. Restoration of a normal junction fragment to the Norden genome by marker rescue converts it to a typical class 2 molecule in which the L component is present in only one orientation (T. Ben-Porat, unpublished data), indicating that the invertibility of the L component is linked to the translocation.
EVOLUTION OF PSEUDORABIES VIRIONS AFTER CEF PASSAGE
The atypical structure of the genome of the Norden strain could be a reflection of the presence in nature of a minority of PrV strains containing genomes with an invertible L component, the Norden strain being derived from such an atypical field isolate. On the other hand, the genome of the Norden strain may have become modified in vitro as a result of the procedures used during its attenuation (i.e., passage in embryonated eggs and in chicken embryo fibroblasts [CEF]).
The experiments described in this paper were performed to distinguish between these two possibilities. We report here that whereas all newly isolated field isolates of PrV that we examined contained genomes in which the L component is fixed in only one orientation relative to the S component, several vaccine strains (which were passaged extensively in cell culture) acquired an invertible L component. Purification of virions. A continuous line of PK (PK15) cells were infected (multiplicity of infection, 0.5 PFU per cell) and incubated for 48 h in Eagle medium at 37°C. Virions were purified as described previously (1) .
Extraction of DNA. Sodium sarkosinate (final concentration, 2%) was added to the samples which were heated (60°C for 15 min) and digested with nuclease-free pronase (1 mg/ml) for 2 h. The DNA was then extracted four times with phenol-chloroform-isoamyl alcohol (50:48:2, vol/vol/vol) and either dialyzed against buffer (0.01 M Tris, 0.001 M EDTA, pH 7.6) or alcohol precipitated.
Restriction enzyme digestion and gel electrophoresis of DNA fragments. Digestion and agarose gel electrophoresis of viral DNA was done as described previously (2) . Filter strips to which restriction fragments of PrV DNA were fixed were prepared by the method of Southern (12) .
Electron microscopy of DNA. Electron microscopy of DNA was performed as described previously (3) .
Nick translation of cloned PrV DNA restriction fragments. PrV DNA restriction fragments cloned in pBR325 as described previously (7, 15) were nick translated by the method of Rigby et al. (10) . The genomes of several independently derived vaccine strains, all of which were extensively passaged in cell culture, were also analyzed. Of these, the MK-25 (Tatarov) strain and all the derivatives of the Buk family of strains (of which the Norden strain is a member) had an invertible L component. Figure 1 shows an example of the hybridization of the genome of one of these vaccine strains, MK-25, to selected restriction fragments of PrV(Ka) DNA. The sequences in BamHI fragment 14' (see Fig. 2 (7) after different numbers of passages in CEF. PrV(7) was passaged repeatedly at low multiplicity (0.1 PFU per cell) in CEF. After the indicated number of passages (top of lanes), virions were purified, and the DNA was extracted and digested with either KpnI or BamHI. The digests were electrophoresed, transferred to nitrocellulose filters, and hybridized to nick-translated BamHI fragment 14' of PrV(Ka). I jun, Inverted junction, the junction fragment between the prototype left end of the genome and the S component that is obtained after inversion of the L component; P jun, prototype junction between the L and S component, BamHI fragment 8' or KpnI fragment E into which sequences from the left end of the genome have been translocated; I end, inverted end, the end fragment of the L component generated after its inversion; P end, prototype left end of the genome, KpnI fragment D or BamHI fragment 14' (see map in fig. 2 ). origin) might promote the emergence of or the selection or both of virions with genomes with an invertible L component.
RESULTS

Analysis
To test this possibility, we passaged different strains of PrV repeatedly at low multiplicity (0.1 PFU per cell) in CEF, RK, or PK cells. The DNA of partially purified virion populations produced by these cells at different passage levels was digested with restriction enzymes and analyzed by the Southern technique (12) to determine whether the virions had undergone the characteristic translocation seen in some of the vaccine strains and whether the L component of their genome had become invertible. BamHI fragment 14', which originates from the left end of the viral genome, or BamHI fragment 8', which includes sequences that are derived from the junction of the L and S components (see restriction map in Fig. 2 ), were used as the probe. Figure 3 shows the hybridization patterns to BamHI fragment 14' of BamHI and KpnI digests of DNA extracted from a population of PrV (7) virions (a field isolate from the United States) after different numbers of passages in CEF. As expected, only one fragment in each of the DNA digests of standard PrV (7) virions (before passage in CEF) hybridized to BamHI fragment 14'. After passage of the virus in CEF, BamHI fragment 14' hybridized to four KpnI fragments and to four BamHI fragments (Fig. 3) .
The hybridization of the DNA of the same virion populations to BamHI fragment 8' after passage in CEF or PK cells is illustrated in Fig. 4 . Normally, these sequences hybridized to BamHI fragments 8' and 13, both of which include part of the sequences within the inverted repeats (Fig. 2) . Passage of the virus in PK cells did not change the hybridization pattern of the viral genomes to BamHI fragment 8', but after passage of the virus in CEF this probe hybridized to four instead of two BamHI restriction fragments. Concomitant with the appearance of additional bands hybridizing to BamHI fragment 8', a deletion of sequences from BamHI fragment 8' was observed.
To determine the reproducibility of these phenomena, we which hybridizes to BamHI fragments 5' and 8', was heterogeneous in size.) The sizes of the fragments spanning the junction between the L and S component indicated that a deletion of sequences from the right end of the UL (adjacent to the translocation) had also occurred in the genome of the MK-25 strain. The BamHI and KpnI maps of the genome of the MK-25 strain, as deduced from the hybridization of BamHI and KpnI digests to all BamHI restriction fragments of PrV(Ka) (and corroborated by analysis of PstI and SalI digests), are illustrated in Fig. 2 Figure 6 shows an example of hybridization of the genomes of two individual plaque isolates obtained from two different virion populations to a probe consisting of BamHI fragment 14'. Although small differences in the sizes of the small end fragments of individual plaques obtained from the same virion population could occasionally be observed (Fig.  6) , the restriction digests of the genomes of plaque-purified virions obtained from the same population were similar. This finding is not surprising because after extensive passage in CEF, each population of virions appeared to be relatively homogeneous with respect to the aberrant restriction fragments that were generated (Fig. 3 to 5) . The results also show that the restriction patterns of the genomes of plaque isolates obtained from different independently passaged virion populations were quite different ( Fig. 6 ; compare also Fig. 3 to 5) .
The modifications in the restriction digests of the genomes of the different PrV strains that had been passaged in CEF were analyzed with several restriction enzymes, and the genomes were mapped. Examples of the results obtained with two virion populations are summarized in Table 1 The findings that the sizes of the segments of DNA that had been translocated varied after parallel passages in CEF of the same virus strain and that each population of virions was enriched for genomes with a translocation of a specific size suggests that virions with genomes that carry the translocation have a growth advantage in CEF cells.
Kinetics of appearance of PrV with genomes that had acquired an invertible UL upon passage in CEF. Inspection of the hybridization patterns illustrated in Fig. 3 to 5 reveals that the accumulation of virions with an invertible L component is not linear. Thus, during early passages in CEF (the number of which varies in different parallel passages) the viral genomes remained noninvertible; thereafter, the entire population was converted relatively rapidly to virions with genomes with an invertible L component.
Scans of autoradiograms obtained after hybridization of BamHI fragment 14' to digests of DNA from virions after different passage levels showed that indeed the transition from virions with genomes with a noninvertible L component to virions with genomes with an invertible L component was rapid, once it had been initiated (Fig. 8) . After 16 passages in CEF, BamHI fragment 14' hybridized mainly to the end fragment generated from the left (prototype) end of the genome (KpnI fragment D); less than 5% of the molecules were invertible as ascertained by the relative amounts of hybridization of the probe to the prototype end fragment and to the junction fragment that is generated after the L component has inverted. However, by passage 28, the amount of hybridization of BamHI fragment 14' to the prototype end and inverted junction fragments was almost equal. Quantitation of the amount of probe hybridized to these two bands showed that by passage 28, approximately 90% of the virus genomes had an invertible UL.
We analyzed similarly several other populations of virions and found that, in all cases, upon passage in CEF the transition from virions containing a noninvertible L compo- 14' of KpnI-digested DNA obtained from PrV(53) virions after various numbers of passages in CEF. The experiment was performed as described in the legend to Fig. 3 . After exposure to X-ray films for the appropriate times (to ensure linearity of exposure), films were scanned with a Joyce-Loebl microdensitometer, and the relative amounts of DNA hybridized were determined with a planimeter. For abbreviations, see the legend to Fig. 3 . After the indicated number of passages, the DNA in the virion populations was extracted and digested with restriction enzymes. The digests were electrophoresed, fixed to nitrocellulose filters, and hybridized to nick-translated BamHI fragment 14'. After exposure of the filter strips to X-ray film for the appropriate times, the films were scanned. The percentage of genomes in the virion population that had an invertible L component was determined from the relative amounts of the probe that hybridized to the prototype end fragment (A) and to the inverted junction fragment (B) (i.e., the prototype end fragment after inversion of the L component), according to the following formula: [B/(A + B)] x 100 x 2. (Only half of the genomes with an invertible L component will be in the inverted orientation).
DISCUSSION
The experiments described in this paper show that passage of PrV in CEF, but not in RK or PK, cells results in the emergence in the virion population of genomes which, instead of having the typical class 2 genome (in which only the S component inverts and the L component is found in a single orientation) normally present in standard PrV, have a structure which resembles a class 3 genome (in which both the S and the L components invert). The invertibility of the L component of the genomes is accompanied by a translocation of sequences derived from the left end of the genome to a position next to the IR, thereby generating an L component that is bracketed by inverted repeats. That the L component is indeed bracketed by inverted repeats in the genomes of PrV with invertible L components was shown by the characteristic structures the viral genomes assume after denaturation and self-annealing (8; unpublished data). Furthermore, restoration of a normal junction fragment to the Norden genome by marker rescue converts it to a typical class 2 DNA molecule, indicating that the invertibility of the L component is linked to the translocation (T. Ben-Porat, unpublished data).
The finding that translocations that generated genomes in which the L component had become bracketed by inverted repeats had occurred was interesting though not particularly surprising. Thus, after passage of PrV(Ka) at high multiplicity in RK (Fig. 5 and 7) . Furthermore, the results in Fig. 3 indicate that translocation of sequences derived from the right end of the genome next to the IR may not always result in inversion. Thus, while at passage 30 sequences derived from the end of the UL (BamHI fragment 14') hybridized abundantly to both the prototype end and junction fragments, hybridization to either the inverted end or the inverted junction fragments was slight, indicating that the L component of only a small proportion of the genomes with the translocation had inverted. At later passage levels hybridization to the fragment derived from the prototype and inverted forms of the genome was of equal intensity. Thus, it appears that the acquisition of an invertible L component may, at least in some cases, occur in more than one step.
The molecular basis for the growth advantage that PrV strains with genomes with an invertible L component appear to have in CEF is unknown but is probably related to the juxtaposition in these genomes of sequences normally present at the two ends of the mature virus genome. Figure 10 shows the structure of the linear mature form and of the circular form (the form the viral genome assumes upon entering the cell [4] ) of the genome of standard PrV and of a variant with an invertible L component. In the standard genome the sequences found at the two ends of the mature linear genome become juxtaposed after the formation of circles (or concatemers). In the variants carrying the translocation these sequences are juxtaposed even in the linear form of the genome, and after circle (or concatemer) formation these juxtaposed sequences are present twice in each genome equivalent.
Circle formation occurs as efficiently in CEF, PK, or RK cells infected with either standard virus or virus with genomes with an invertible L component (T. Ben-Porat, unpublished data), and it is unlikely therefore that a lack of juxtaposition of the two ends of the genome plays a role in the poorer growth in CEF of standard PrV than of PrV with an invertible UL. However, the double dosage of the juxtaposed sequences present in the genomes carrying the translocation could somehow affect transcription, DNA replication, or cleavage-encapsidation. Indeed, efficient cleavage-encapsidation is dependent on signals that are present at both ends of the genome (15) . We are currently investigating these possibilities and are determining the organization of the juxtaposed end sequences in the genomes of the variants at the nucleotide level in an attempt to gain some understanding of the possible mechanism by which the translocation may affect virus growth.
The basis for the evolution of the genomes of the herpesviruses from class 2 to class 3 DNA molecules (or vice versa) is obscure. To date, no effect of the inversions of the genome on the growth characteristics of the virus has been documented. Thus, for example, both isomers of PrV are infectious for cells grown in vitro (4) , and inversion of the S or the L components is not essential for growth in vitro of HSV (9, 14) . We show here that PrV genomes with characteristics similar to those of a type 3 herpesvirus DNA molecule appear to have a selective advantage when grown in avian cells, i.e., cells that are distantly related to the normal host of PrV (swine). This finding has implications concerning the evolutionary pressures that may have led to the emergence of the different types of herpesvirus genomes and indicates that the characteristics of herpesvirus genomes that function in the generation of the different isomeric forms of the genomes may also, under certain conditions, affect the growth of the virus. VOL. 61, 1987 
